It has been nearly 40 y since it was suggested that genomic methylation patterns could be transmitted via maintenance methylation during S phase and might play a role in the dynamic regulation of gene expression during development [Holliday R, Pugh JE (1975) Science 187(4173):226-232; Riggs AD (1975) Cytogenet Cell Genet 14(1):9-25]. This revolutionary proposal was justified by "... our almost complete ignorance of the mechanism for the unfolding of the genetic program during development" that prevailed at the time. Many correlations between transcriptional activation and demethylation have since been reported, but causation has not been demonstrated and to date there is no reasonable proof of the existence of a complex biochemical system that activates and represses genes via reversible DNA methylation. Such a system would supplement or replace the conserved web of transcription factors that regulate cellular differentiation in organisms that have unmethylated genomes (such as Caenorhaditis elegans and the Dipteran insects) and those that methylate their genomes. DNA methylation does have essential roles in irreversible promoter silencing, as in the monoallelic expression of imprinted genes, in the silencing of transposons, and in X chromosome inactivation in female mammals. Rather than reinforcing or replacing regulatory pathways that are conserved between organisms that have either methylated or unmethylated genomes, DNA methylation endows genomes with the ability to subject specific sequences to irreversible transcriptional silencing even in the presence of all of the factors required for their expression, an ability that is generally unavailable to organisms that have unmethylated genomes. 
It has been nearly 40 y since it was suggested that genomic methylation patterns could be transmitted via maintenance methylation during S phase and might play a role in the dynamic regulation of gene expression during development [Holliday R, Pugh JE (1975) Science 187(4173):226-232; Riggs AD (1975) Cytogenet Cell Genet 14(1): [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . This revolutionary proposal was justified by "... our almost complete ignorance of the mechanism for the unfolding of the genetic program during development" that prevailed at the time. Many correlations between transcriptional activation and demethylation have since been reported, but causation has not been demonstrated and to date there is no reasonable proof of the existence of a complex biochemical system that activates and represses genes via reversible DNA methylation. Such a system would supplement or replace the conserved web of transcription factors that regulate cellular differentiation in organisms that have unmethylated genomes (such as Caenorhaditis elegans and the Dipteran insects) and those that methylate their genomes. DNA methylation does have essential roles in irreversible promoter silencing, as in the monoallelic expression of imprinted genes, in the silencing of transposons, and in X chromosome inactivation in female mammals. Rather than reinforcing or replacing regulatory pathways that are conserved between organisms that have either methylated or unmethylated genomes, DNA methylation endows genomes with the ability to subject specific sequences to irreversible transcriptional silencing even in the presence of all of the factors required for their expression, an ability that is generally unavailable to organisms that have unmethylated genomes. C is much more abundant than the oxidized derivatives. The assembled and annotated fraction of the human genome contains ∼29 million CpG dinucleotides, each of which can exist in the methylated or unmethylated state. The number of possible methylation patterns per haploid genome is therefore 2 to the power of 29 million, or ∼10 8,700,000 . DNA methylation increases the information content of the genome, promoter methylation represses transcription in experimental systems (1, 2) , and regulated changes in genomic methylation patterns could in principle form the basis of a system that regulates gene expression. However, it is far from certain that such a regulatory system exists, and a set of uniform criteria that could be applied to identify genes that are regulated by dynamic DNA methylation has yet to be formulated and applied.
The CpG dinucleotide occurs at only ∼20% of the expected frequency and varies in density to a much greater degree than any other dinucleotide. Introns, 3′ untranslated regions, and intergenic sequences are severely depleted in CpG, whereas coding exons have a somewhat higher density with an unexplained spike in CpG density near splice donor and acceptor sites (3). Mammalian promoters have strongly bimodal CpG density distributions; CpG-rich promoters have a modal CpG density of 4.25 per 100-bp sites and are found at 75% of all genes; CpG-poor promoters have a modal density of 0.6 CpG sites per 100 bp and are found at the remaining 25% of genes (Fig. 1A) .
It has recently become possible to obtain whole-genome methylation profiles at single CpG resolution (4) (5) (6) . These data have shown that tandem and dispersed repeated sequences (especially transposons and their remnants) tend to be most heavily methylated; single-copy sequences of low-to-moderate CpG density (such as most exons, introns, and intergenic regions) tend to be heterogeneously methylated within a population of cells; and CpG-rich promoter regions (also known as promoter CpG islands) are almost exclusively unmethylated in all tissue types, with a methylation minimum and a CpG density maximum at the transcriptional start site (TSS). Enhancer sequences (as defined by their enrichment in histone H3 monomethylated at lysine 4 and by association with P300) have extremely low CpG densities, and even if methylated at all CpG sites, contain very little m 5 C; CpG islands that are methylated at only a few percent of all CpG sites will contain more m 5 C despite being largely unmethylated. As shown in Fig. 1A , the methylation density at promoter regions is very low (∼0.6 methylated sites per 100 bp) and is surprisingly constant across a wide range of CpG densities; this methylation density does not differ between adult human brain (which expresses more genes than other tissues) and adult human mammary endothelial cells (HMECs) (Fig. 1B) . The wide variation in CpG densities (much greater than any other dinucleotide) across the mammalian genome means that fractional methylation does not describe methylation status; sequences that are 100% methylated but CpG poor can contain much less m 5 C than CpG-rich sequences that are methylated to the extent of only a few percent. Methylation data are often presented only as fractional methylation, which is not informative in the absence of explicit CpG distributions.
The large majority of CpG-rich promoters are unmethylated in all cell types, regardless of state of expression (4-6); CpG-poor promoters can acquire variable degrees of DNA methylation when in the repressed or silent state. The variable methylation of CpG-poor promoters is unlikely to be involved in repression of the gene. The pluripotency genes Nanog and Oct4/Pou5f1 have been reported to be regulated by reversible promoter methylation (7). As shown in Fig. 2A , both genes have very CpG-poor promoters, and in adult differentiated human mammary tissue, where the genes are not expressed, a significant fraction of both This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. Email: thb12@columbia.edu.
genes are completely unmethylated across their promoter regions. The fact that the genes are not expressed in any cell in the population while the promoters are unmethylated in part of that population requires that DNA methylation cannot be the mechanism of repression. This might be used as a criterion for assessing the role of methylation in repression: If any appreciable fraction of the promoters for a given gene is unmethylated in a fraction of a population of nonexpressing cells, methylation is highly unlikely to be the mechanism by which that gene is repressed.
Earlier claims of very large changes in genomic methylation patterns with age (8) have not been substantiated by the results of whole-genome methylation profiling. As shown in the example of Fig. 3 , the methylation status of the genomic region that contains the imprinted genes H19 and Igf2 does not notably differ between fetal and aged mouse brain, even though expression of H19 and Igf2 ceases soon after birth. The sex-specific methylation difference established during gametogenesis at the imprinting control region/differentially methylated region persists throughout the lifespan of the individual, and pronounced age-related changes in methylation patterns are not apparent in whole-genome methylation data.
Transcriptional Activation Causes Loss of Methylation
Promoter sequences show a strong bias against CpG dinucleotides that lie with transcription factor binding sites (9) . The many published correlations between the loss of methylation and transcriptional activation (almost all at CpG-poor promoters or at CpG sites not actually within promoters) during development are likely to reflect a consequence of transcriptional activation rather than a cause. This is consistent with numerous reports of a loss of methylation from local CpG sites after binding of transcription factors such as Sp1 (10-13); DNA methylation is even reduced around methylated lac operator transgenes upon the binding of the lac repressor in cultured mammalian cells (14) . The transcription-induced demethylation hypothesis is depicted in Fig. 2B , where CpG-rich promoters remain largely unmethylated regardless of state of expression, whereas CpGpoor promoters drift toward the partially methylated state during prolonged inactivity and the methylation is removed upon the activation of transcription. In the case of the inducible IL4 gene, before induction of expression in primary human T lymphocytes, the gene bears a largely unmethylated CpG-poor promoter but methylated coding regions; after induction of transcription, the unmethylated domain progressively extends from the promoter through the gene body (15) . Examination of CpG sites downstream of the promoter reveal a strong demethylation-activation correlation, but there is a much weaker correlation at the promoter, which is largely unmethylated in both expressing and nonexpressing cells. As stated previously, this and many of the other reported correlations between expression and demethylation are likely represent a consequence of transcriptional activation rather than a cause.
Genome-Wide Demethylation and Aberrant Gene Expression
If DNA methylation mediates tissue-specific gene expression, global demethylation of the genome should induce ectopic gene expression in the form of coexpression of genes that are normally expressed only in different cells types. In 1984, Weinstein and coworkers treated cultured fibroblastoid C3H10T1/2 cells with the DNA methyltransferase inhibitor 5-azacytidine and observed demethylation of the β-globin genes (16) whose in vivo expression had been shown in 1978 to be correlated with a loss of DNA methylation during erythropoiesis (17) . However, 5-azacytidineinduced demethylation did not activate β-globin expression in these nonerythroid cells, and the authors concluded "that loss of DNA methylation is not sufficient per se to induce the expression of certain loci. Presumably, the expression of these loci requires additional factors, some of which may be related to cell lineage and differentiation."
Other lines of evidence indicate that genome-wide demethylation does not cause gene dysregulation of the sort that would be expected after ablation of a putative global system of developmental gene control. Deletion of the DNA methyltransferase 1 (Dnmt1) gene in mouse embryonic stem (ES) cells leads to the loss of nearly all genomic m 5 C, and mouse embryos homozygous for Dnmt1 mutations lose most m 5 C. Dnmt1 mutant mouse embryos did not show activation of genes that had been reported to be repressed by methylation, even though the genes were severely demethylated (18) . ES cells retain a normal phenotype in the absence of DNA methylation, but demethylation induces cell-autonomous apoptosis in all differentiated cells via an unknown pathway (19) . Gene expression profiling in shortterm cultures of primary fibroblasts that lacked TP53 and DNMT1 after excision of a conditional allele of Dnmt1 showed that fewer than 10% of tested genes changed expression level under conditions where many of the cells in the population were undergoing apoptosis, and except for intracisternal A-particle retrotransposons the magnitude of the expression changes was generally small (20) . Kono and coworkers (21) analyzed gene expression in growing oocytes that had severe undermethylation of single-copy DNA sequences as a result of removal of DNMT3L, a factor that targets DNA methyltransferase complexes to DNA bound by histone H3 unmethylated at lysine 4 (22) . Gene expression was essentially identical in the unmethylated and normally methylated oocytes. When Dnmt3L-null oocytes that are largely free of DNA methylation at single-copy sequences are fertilized by wild-type sperm, developmental abnormalities in the resulting embryos are largely attributable to dysregulation of imprinted genes rather than ectopic derepression of tissuespecific genes (23, 24) .
5-Azacytidine-induced genome-wide demethylation does induce myogenic differentiation of C3H10t1/2 cells (25) as a result of demethylation and activation of the MyoD gene (26) , but this is an artifact of cell culture; the MyoD gene is unmethylated in nonmuscle tissues (27) . The promoters of many tissue-specific genes that are not methylated in nonexpressing tissues acquire ectopic de novo methylation in established lines of cultured cells (27, 28) , and this has led to an exaggerated estimate of the number of promoters that are silenced by promoter methylation.
Genetic Evidence
A large and increasing number of mutations that cause developmental abnormalities in mice and humans have been reported, but very few of these mutations affect genes involved in the establishment or maintenance of genomic methylation patterns. Dominant mutations in human DNMT1 that affect the domain of DNMT1 that interacts with UHRF1 cause a spectrum of sensory and autonomic abnormalities, with ataxia, dementia, sensorineural deafness, and other neurological defects (29) . The DNMT1 syndromes are of adult onset without early developmental abnormalities, and postmitotic neurons are unlikely to require maintenance methylation; conditional deletion of Dnmt1 in postmitotic mouse neurons has been reported to have no discernable effect (29) . The neurological abnormalities caused by mutations in DNMT1 are probably not caused by methylation abnormalities but rather more likely to be due to intracellular aggregation of the mutant protein, which reportedly having an abnormal intracellular distribution (30) . This is consistent with their adult onset and their dominant nature. Individuals with homozygous loss-of-function mutations in Dnmt3B have immunodeficiency, centromere instability, and facial anomalies syndrome (31) , with demethylation of satellite 1 and 2 DNA and of other sequences. A variable combined immunodeficiency of unknown cause is the most prominent abnormality, and development of affected individuals is essentially normal; the facial dysmorphia characteristic of the disorder is mild in nature. The TET1 and TET2 proteins, which oxidize the methyl group of m 5 C, have been attributed important roles in genome demethylation, but mice that lack both proteins are largely viable and fertile (32) . This would not be the case if TET1 and TET2 play important roles in programmed DNA demethylation. There are few incipient developmental abnormalities in embryos that bear severely demethylated genomes as a result of homozygous loss of Dnmt1 expression (19) ; death results from cell-autonomous apoptosis rather than from the gross morphological abnormalities that would be expected to occur if DNA methylation were a major regulator of gene expression. Mice that contain hypomorphic alleles of Dnmt1 have partially demethylated genomes and are small and prone to retrotransposon-induced lymphoma, but lack prominent developmental abnormalities (33) . In short, genetic analysis has failed to implicate programmed methylation and demethylation as important regulators of cellular differentiation during embryonic development.
Functions of Genomic Methylation Patterns
The conservation of regulatory pathways among organisms that bear either methylated or unmethylated genomes argues against a major role for DNA methylation in mammalian development, as do the low levels of promoter methylation and lack of ectopic gene activation after reduction or removal of genomic methylation patterns. The many reported correlations between transcriptional activation and demethylation of local sequences can be most parsimoniously explained by a transcription-dependent loss of methylation; this is supported by the ability of common transcription factors to induce a loss of methylation at CpG sites that are in the vicinity of their binding sequences (10) (11) (12) 14) . Although it is impossible to totally exclude a regulatory function for dynamic DNA methylation in embryonic development [and such regulation may occur during gametogenesis, where methylation patterns are subject to sweeping changes, and as in the case of cancer-testis antigen genes (34) ], an assessment of the available data does not support the existence of a biochemical system that regulates embryogenesis by programmed methylation and demethylation of regulatory sequences. Most of the evidence is entirely correlative in nature, and robust criteria that could identify genes regulated by dynamic programmed DNA methylation and demethylation during development are seldom applied.
It is not clear that any gene has been shown to be repressed in a cell type normally capable of transcribing the gene by a methylation pattern present on that gene in a nonexpressing tissue.
Strong evidence implicates DNA methylation in irreversible gene silencing. DNA methylation is essential for the monoallelic expression of imprinted genes; a failure to establish methylation at imprinting control regions in growing oocytes results in offspring that show biallelic expression of imprinted genes that are normally expressed only from the paternal allele (23) . DNA methylation is also required for the transcriptional silencing of endogenous retroviruses and other retrotransposons in both germ cells and somatic tissues (35, 36) . Lastly, demethylation of the Xist locus activates Xist expression on all X chromosomes and causes inactivation of all X chromosomes present in the cell (37) . Genomic imprints and transposon methylation are established in germ cells, whereas X inactivation occurs during the periimplantation stages. In all three cases the epigenetic decision to methylate is essentially irreversible over the lifetime of the organism, and in all three cases all of the factors necessary for activation of transcription are present in the cell, as shown by their reactivation upon demethylation. It is suggested that mammalian genomic methylation patterns represent an evolutionary adaptation of a genome defense system that endows genomes with the ability to inactivate specific genomic regions in a self-perpetuating manner which is essentially irreversible over the lifespan of the organism (38) , whereas dynamic gene activation and repression during development are controlled by conserved protein-and RNA-based pathways that are largely common to both methylating and nonmethylating organisms.
